
-NNCLASSIFIED MASTER COPY' - FOR REPRODUCTION PURPOSES

SECURITY CLASSIFICATION OF TWIS PAGE[ IREPORT DOCUMENTATION PAGE
. ....... Ce,.,, e,1V r ccI:CAT l lb. RESTRICTIVE MARKINGS '

3 DISTRIBUTION /AVAILABILITY OF REPORT

AD-A212 412 Approved for public release;
distribution unlimited.

S MONITORING ORGANIZATION REPORT NUM ),

ARO 22788.4-MS -

Go. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

Wayne State University (Iawlkable) U.S ryRsac
U. S. Army Research Office .- i"t-(/

6c. ADDRESS (C/y, State, and ZIP Cod) 7b. ADDRESS (City, State, and ZIP Code) 41
Dept. of Physics P. 0. Box 12211
Detroit, MI 48202 Research Triangle Park, NC 27709-2211

Ba. NAME OF FUNDING I SPONSORING 6b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (f appicable)
U. S. Army Research Office DAAG29-85-K-019

8c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

P. 0. Box 12211 PROGRAM PROJECT TASK WORK UNITP0.Bx121ELEMENT NO. NO. NO. ACCESSION NO
Research Triangle Park, NC 27709-2211

11. TITLE (Include Security Cler fication)
Interstitial Formation, Non-Equilibrium and Macroscopic Processes in Mercury Cadmium

Telluride

12 PERSONAL AUTHOR(S)
C. G. Morgan-Pond

13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT arMonthDay) S. PAG COUNT
Final FROM 5/1/85 TO6/30/ 8 9 August 28.989 19

16. SUPPLEMENTARY NOTATION
The view, opinions and/or findings contained in this report are those

of he auth r( ) and should not be constrd as an fficial Deartment of the Army position

17. COSATI CODES 18. SUBJECT TERMS (Continue on reor if necessay and idermfy by block number)
FIELD GROUP SUB-GROUP Point Defects, Interstitials, Diffusion,

Semiconductors (Materials), Mercury Tellurides,
C-iiImiiin To11,,ridp c, 7inr TP1ilu rid z.

'9 ABSTRACT (Continue on revere if necesairy and identify by block number)

Several issues of major importance for the crystal quality of mercury cadmium telluride
and related materials (cadmium telluride and cadmium zinc telluride) have been investigated

during the course of this contract. These issues are: the effects of defect interactions,

including complex formation and possible changes in defect diffusion, the role of
interstitual defects, and the magnitude and effects of lattice relaxation around defects.
A new technique (the "local" matrix" method) was developed to obtain estimates of point

defect total energies, electronic levels, and the character of the localized states for
ionic and metallic tetrahedrally bonded materials, such as mercury cadmium telluride.
Preliminary work on a more accurate tight-binding supercell method has given encouraging

results. -

20 DISTRIBUTION / AVAILABILITY OF ABSTRACT 121. ABSTRACT SECURITY CLASSIFICATION
OUNCLASSIFIEDAJNLIMITED C SAME AS RPT QO TIC USERS Unclassified

22a NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (InclAbd Area Code) 22c. OFFICE SYMBOL

00 FORM 1473. 84 mAR 83 APR edition may be used until exI austed SECURITY CLASSIFICATION OF THIS PAGE
All other editions are obsolete UNCLASSIFIED

89 9 13 017



INTERSTITIAL FORMATION, NON-EQUILIBRIUM AND MACROSCOPIC PROCESSES

IN MERCURY CADMIUM TELLURIDE

FINAL REPORT

C. G. Morgan-Pond

August 28, 1989

U. S. ARMY RESEARCH OFFICE Accesslon for

NTIS GFA&I

DTIC TA*
Una, inin

CONTRACT NUMBER DAAG 29-85-K-0119 JLJ: "fle

WAYNE STATE UNIVERSITY ...

D 1 1. p a]

APPROVED FOR PUBLIC RELEASE:

DISTRIBUTION UNLIMITED.________

Il



THE VIEW, OPINIONS, AND/OR FINDINGS CONTAINED IN THIS REPORT ARE THOSE OF
THE AUTHOR AND SHOULD NOT BE CONSTRUED AS AN OFFICIAL DEPARTMENT OF THE
ARMY POSITION, POLICY, OR DECISION, UNLESS SO DESIGNATED BY OTHER DOCUMENTATION.



TABLE OF CONTENTS

A. STATEMENT OF THE PROBLEM STUDIED I

B. SUMMARY OF THE MOST IMPORTANT RESULTS 2

1. Effects of Doping and Alloying on Crystal

Quality in Hgl_xCdxTe 2

a. Indium Doping 3

b. Isoelectronic Substitution: Addition of Zinc 4

2. Localized Defect States: Deep Levels and Total

Energies 5

a. Development and Testing of the Local Matrix

Approach 5

b. Interstitial Deep Levels 6

c. Estimates of Total Energies and Diffusion

Barriers 8

3. Supercell Calculations: Defects with Lattice

Distortion 9

C. LIST OF ALL PUBLICATIONS AND TECHNICAL REPORTS 13

D. LIST OF ALL PARTICIPATING SCIENTIFIC PERSONNEL AND ADVANCED

DEGREES EARNED WHILE EMPLOYED ON THE PROJECT 14

BIBLIOGRAPHY 15



A. STATEMENT OF THE PROBLEM STUDIED

A three year program of work, involving theoretical and computer

calculations, was carried out to investigate three major issues affecting

the crystal quality and long term stability of the infrared detector

material HgCdTe and related alloys. The fundamental questions addressed

were:

1) How do defect interactions, including the strong attraction

leading to the formation of complexes, affect observed densities of

simple defects and defect migration?

2) That part do interstitial-type defects plav in determining

electrical behavior and in non-equilibrium kinetic processes, such as

diffusion?

3) How large are the force constants which determine the microscopic

lattice distortion under different conditions, and how does lattice

distortion affect diffusion and other defect-related properties?

Techniques used to address these questions included the calculation

of equilibrium concentrations of point defects and complexes, using

I
methods previously adapted for HgCdTe, and a tight-binding small-basis,

or "local matrix", treatment for estimating point defect total energies.

electronic levels, and the character of the localized states, developed

for covalently bonded materials with considerable ionic and metallic

character, such as HgCdTe. 2 5  A more quantitativelv accurate

tight-binding supercell approach, which can he used to investigate

lattice distortion, is still under development, but has given encouraging

initial results.
6 7

During the contract period, the principal investigator was also

awarded a second ARO contract (DAALtO -8'-K-O061), funded in part bv the



Night Vision and Electro-Optics Center (NVEOC) to use the methods

developed under this contract to investigate particular problems or

practical interest to NVEOC, such as the electrical inactivity of a larze

fraction of the In added to CdTe bv non-laser-assisted molecular beam

8
epitaxv (MBE), which is often observed. Some of the results obtained

for these problems are mentioned here; a more extensive description of

these results is given in the reports for Contract No. DAAL03-87-K-OO6l.

B. SUMMARY OF THE MOST IMPORTANT RESULTS

I. Effects of Doping and Alloying on Crystal Quality in Hg, Cd Te

Native point defects (vacancies, interstitials), extended defects

(dislocations, precipitates, grain boundaries), and defects involving

impurities are numerous in CdTe and Hg-rich HgCdTe, and tend to control

the electronic properties of these materials. Previous calculations of

the equilibrium concentrations of non-interacting native point defectsI

demonstrated that both CdTe and Hg-rich HgCdTe have high equilibrium

concentrations of point defects during growth and annealing. In order to

examine the effects of doping or substitution of small amounts of other

elements, such as zinc, on crvstal quality, two examples were studied:

doping with indium, as a typical shallow donor, and substitution of zinc,

as an isoelectronic replacement for Cd.

a. Indium Doping

Equilibrium concentrations of point defects in CdTe doped with

1.6x108 and 2.7xi017 In/cm 3 were calculated for a range of Cd

9-10overpressures and annealing temperatures. Comparison with the (charge



ii
carrier concentrations obtained in Hall c.xperiments showed reasonable

agreement. The overall effect of adding an electrically active donor to

the HgCdTe system, seen in these calculations for indium, was to reduce

the equilibrium concentrations of native donor defects and to increase

the concentrations of native acceptor defects. The total concentrations

of native point defects were not strongly affected bv addition of indium.

Calculated estimates of the binding energies of complexes formed by

a charged cation vacancv or tellurium interstitial with one or two

charged In donors ranged from 0.17 to 1.7 eV for Hg .Cd Te and CdTe.

Although :he binding energies were higher for complexes of indium with

tellurium interstitials, complexes with cation vacancies were found to be

dominant, due to the much greater concentrations of cation vacancies. At

temperatures close to 1000K, where equilibrium may be achieved, and the

comparisons with the Hall experiments on CdTe were made. complexes of one

singly charged substitutional In with one doubly charged cation vacancy

were the most numerous. At lower temperatures, the largest fraction of

the indium condensed to form neutral complexes consisting of two

12
substitutional In and one cation vacancy. This was in agreement with

results observed for Hg.8 Cd.,Te, measured at 77K after annealing at 773K

13
and 873K, where the indium was observed to be incorporated

predominantly as In 2Te 3 (i. e. a complex of two In and a cation vacancy)

dissolved in the HgCdTe.

These results suggested that excess tellurium, frequently present

after growth in both Hg-rich material and pure CdTe, would tend to

complex with the indium rather than condensing exclusively into extended

defects such as dislocations or Te inclusions. However, the changes in

relative equilibrium concentrations of various point defects and

complexes occur graduallv, and any effects on extended defect formation



4

should be modest. More dramatic changes in macroscopic crystal quality

mav arise from kinetic effects which do not require the added constituent

to be charged. These effects were investigated with specific application

to the isoelectronic substitution of zinc on the cation sublattice.

b. Isoelectronic Substitution: Addition of Zinc

Previous work showed that equilibrium concentrations of native point

defects are not reduced substantially by adding small amounts cf other

elements as isoelectronic substituents, either to CdTe, or to Hg-rich

HgCdTe. I  It was argued1 ,10 that the dramatic decrease in dislocation

14
densities seen in Cd 0.96Zn 0.04Te, as compared with CdTe, may result

from strains associated with the different Cd-Te and Zn-Te bond lengths.

These strains may pin the point defects generated at growth, producing a

more uniform distribution of point defects and complexes, and inhibiting

condensation of the point defects into larger extended defects, such as

dislocations.

Since substitution of other isoelectronic elements, such as Zn. for

some of the Cd appears to yield promising new materials for alternate

14
substrates, it was of interest to determine whether a dramatic

enhancement of interdiffusion across junctions, such as is observed on

15
adding small amounts of Zn to the AlGaAs system, could occur in the

16
HgCdTe system. The mechanism identified by Van Vechten for the

enhancement of cation diffusion in AlGaAs, after indiffusion of Zn,

involves the lowering of the activation energy for diffusion by nearest

neighbor vacancy hopping, which requires the creation of antisite defects

in the intermediate steps. The activation energy is reduced by the

presence of highly mobile, charged Zn interstitials which can lower the

Coulomb energy of the intermediate configurations. Barriers to diffusion



by various vacancy mechanisms were calculated, and it was shown that

nearest neighbor vacancy hopping in CdTe and HgCdTe is always dominated

by second neighbor vacancy hopping, which is relatively unaffected by the

10
addition of small amounts of other elements. Therefore, it was

predicted that there will be no dramatic enhancement of diffusion

resulting from addition of small amounts of Zn or other elements in order

to improve crystal quality.

2. Localized Defect States: Deep Levels and Total Energies

a. Development and Testing of the Local Matrix Approach

A new approach was developed for the localized states due to neutral

interstitial and substitutional defects in tetrahedrally bonded

17
semiconductors. This approach is an extension of the method, recently

18
applied to self-interstitials in silicon, to account for the metallic

coupling (s-p promotion energy) and the polar coupling, both of which are

important in HgCdTe. It allows us to form a qualitative picture of the

localized interstitial levels, and to investigate energy trends for the

deep levels. It also gives a clear physical picture of the process of

5,19
formation of the localized levels.

The simple model used in these calculations is based on the idea of

20
describing the localized states within a minimal basis. This small

3
basis, consisting of the sp bonding hybrids on the defect atom, its

neighbors (which are improperly coordinated due to the presence of the

defect), and all hybrids involved in covalent bonds with nearest neighbor

hybrids, is separated from the rest of the crystal by the method of "soft

2-5
separation", or ignoring systematically all of the weaker interactions

which couple the minimal basis to the rest of the crystal. Tight-binding



interactions are included between hybrids in the minimal basis. Energy

levels and wave functions for the localized states were obtained

analytically for substitutional and high-svmmetrv ;tetrahedralh

interstitials. Energy levels and wave functions were obtained

numerically for hexagonal interstitials.

The results of these calculations were compared with self-consistent

Green's function and experimental results for various interstitials in Si

19
and GaP, and for substitutional defects, including vacancies, in Si.

3
GaP, GaAs. and CdTe. Agreement to within 1 eV for most levels in the

vicinitv of the gap, good agreement for energy trends and the general

structure of the hyperdeep levels, and correct deep level symmetries and

occupancies were obtained.

b. Interstitial Deep Levels

The deep levels of indium and self-interstitials (Hg, Cd, Te) in

tetrahedral and hexagonal positions in Hgl_x CdTe were characterized and

2
energy trends were calculated within the local matrix approach. Shifts

of up to 0.5 eV were observed in the energies of specific deep levels, as

the crystal composition was varied from HgTe to CdTe, due to the

substitution of Cd for Hg on the cation sites in the vicinitv of the

interstitial. These shifts were largest for localized levels with a

sizable amount of electronic charge on cations.

Several deep levels in the gap region were identified for HgCdTe.

In particular, a localized level of A1 symmetry due to a mercury

interstitial in the tetrahedral position with anion nearest neighbors was

identified as a possible candidate for providing midgap tunneling levels

for Hg-rich HgCdTe. This is in agreement with the suggestion of

21Vydyanath, based on his experiments in different overpressures of



mercury, that the midgap tunneling levels in this material may be due to

mercury interstitials. This particular A level has a verv strong cation

character, with about 80% of its charge density on the interstitial and

the cations bonded to its nearest neighbors.

Of the deep levels in the gap region which are due to indium

interstitials, only the level of T9 symmetry due to the indium

interstitial at the tetrahedral position between cations is partially

empty. In principle, this level could serve as an acceptor level, and

could contribute to the overall electrical inactivity often observed for

a large fraction of the indium added to CdTe by non-photoassisted MBE.S

Indium acts primarily as a substitutional dopant with shallow donor

levels, when added in small concentrations at high temperature. However.

it is known that substitutional impurities may be preferentially

displaced to interstitial sites in material with high (nonequilibrium)

22
densities of native defects resulting from radiation damage, and this

may also occur when the high densitiu_ of native defects result from

low-temperature growth.

But as will be discussed in the following section, it was found that

the preferred tetrahedral position for indium interstitials is the

position between anions. Therefore, tetrahedral interstitials with

cation nearest neighbors should not be numerous enough to account for any

substantial self-compensation. The lowest partially occupied level due

to indium in the preferred tetrahedral position (and in the hexagonal

position) is about I eV higher than the lowest partially occupied

localized level obtained from the analogous calculation for

substitutional indium. Even taking into account these higher energy

levels, these indium interstitials are less likely to be acceptors than

substitutional indium, which is known to be a shallow donor.



c. Estimates of Total Energies and Diffusion Barriers

The local matrix method was extended to obtain estimates of the

total energy for interstitials at different sites in the lattice. in

order to correctly represent structural energies, the short-range

repulsion arising from overlap of the electron wave functions centered on

neighboring atoms was included. The calculated total energy for neutral

indium interstitials was higher in the tetrahedral position between

cations (TI) than in the tetrahedral position between anions (T2) by

about 3 eV. The T2 interstitial had an even lower energy when it was

allowed to ionize to In+ . Therefore, although TI In interstitials have a

partially filled deep level in the gap and could potentially serve as

2
acceptors, these interstitials should not be numerous enough to account

for the electrical compensation which is seen in non-photoassisted

MBE-grown films of CdTe.
8

Results for self-interstitials showed that the T2 position was

preferred for tetrahedral Hg and Cd interstitials, and the TI position

was preferred for tetrahedral Te interstitials. Therefore, tetrahedral

Hg interstitials will tend to sit in T2 sites, and contribute A I

electronic levels in the vicinity of the gap.

Experimental studies suggest that interstitials play an important

role in cation diffusion in Hg.8 Cd 2Te23 and interdiffusion in HgTe/GdTe

24
superlattices The calculated total energy difference for neutral Cd

interstitials in Tl and T2 positions was 8 eV, much higher than

experimental activation energies. Simple interstitial diffusion through

the low-electron-density channel which passes alternately through TI and

T2 sites therefore seems unlikely for Cd. It appears that diffusion of

Cd interstitials must proceed by some more complicated mechanism,

probably involving exchange with atoms on lattice sites. Total energy
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results indicate that the open channel between TI and T2 sites is also

unlikely for In diffusion, although it may be an important channel for

diffusion of Hg.

Results of this model indicate that the preferred charge state for

2,4
an interstitial may change radically at different sites. 2 This

suggests that alternating capture and release of charge carriers by

interstitials may be important in lowering energy barriers for

interstitial diffusion. If interstitials are allowed to change to their

preferred charge state at each site, the diffusion barriers become

dependent on the Fermi level. However, the conclusions stated above are

not changed: the open channel between tetrahedral sites appears to be a

favorable diffusion path for Hg, less favorable for In, and quite

unfavorable for Cd.

3. Supercell Calculations: Defects with Lattice Distortion

Preliminary work using a self-consistent supercell method was done

for interstitials in CdTe and HgCdTe, including the effects of lattice

6-7
distortion. 7 We used the tight-binding model of Majewski and Vogl,

which predicts semiquantitatively the lattice constants, bulk moduli, and

25
stable structures of perfect semiconductor crystals. Similar methods

26
have been used by Chadi to study relaxation at surfaces, and by Tomanek

and Schluter to study the preferred structures of small silicon

clusters. 27

For tetrahedral interstitials a simple breathing mode relaxation of

the nearest neighbors outward was considered, and the total energy was

minimized to find the preferred amount of lattice distortion around the

defect. For hexagonal interstitials, both relaxation outward and a



1 0)

possible increased puckering of the ring of neighbors surrounding the

interstitial were included. Results for the relaxation about

tetrahedral and hexagonal self-interstitials in silicon were generally in

good agreement with results obtained using a pseudopotential

density-functional method 28  and a self-consistent Green's function

technique. 2 9  Ultimately, this method may permit calculations of total

energies for complex defects including substantial lattice relaxation,

with sufficient accuracy and considerably less computational effort than

is necessary for self-consistent Green's function or a priori

pseudopotential methods.

When the nearest neighbors were allowed to relax awav from the

interstitial, the on-site energies on the interstitial, and often on the

neighbors as well, were reduced as the overlap between electron wave

functions on the interstitial and its neighbors decreased. As a result,

charge was transferred into the region containing the interstitial and

the atoms nearby. In addition, the average distance between the nearest

neighbors and the atoms further out to which they were bonded decreased.

This contributed to the overall change in the nearest-neighbor on-site

energy due to overlap. It also increased the covalent coupling and the

charge transfer from cations to anions in the bonds involving the nearest

neighbors. Therefore, in all cases studied, charge was transferred to

the interstitial and the anions in the interstitial region, defined to

include the interstitial and the neighboring atoms which were close

enough to interact with the interstitial (i. e, the nearest neighbor

shell for the hexagonal interstitial, and the first and second neighbor

shells for the tetrahedral interstitial). There was a strong correlation

between the total amount of charge transferred into this region and the

optimal relaxation of the nearest neighbors outward.
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For Cd, Hg, and In interstitials at the tetrahedral position between

anions, the nearest neighbors moved outward by about 3% of the unrelaxed

nearest neighbor distance. The main effect of this relaxation on the A 1

localized level in the gap region for the Hg interstitial was to allow

this level to become more localized on the interstitial itself, and to

move somewhat lower in the gap.

A considerably larger relaxation was found for the cation

interstitial in the tetrahedral position between cations. This resulted

from the fact that the overlap repulsion due to cation nearest neighbors

was greater than the repulsion due to anion nearest neighbors. For

example, the overlap contribution to the interstitial on-site energy was

higher for the Cd interstitial between Cd than for the Cd interstitial

between Te in CdTe. In addition, for the Cd interstitial between Cd,

when the nearest neighbors relaxed away from the Cd interstitial, which

made a large contribution to the nearest neighbor on-site energy, they

moved toward anions further out, which made a smaller contribution. In

the case of the Cd interstitial between Te, the nearest neighbors

approached Cd atoms further out as they relaxed away from the Cd

interstitial, and their on-site energies were increased slightly by the

relaxation. The more favorable changes in both interstitial and nearest

neighbor on-site energies for the cation interstitial between cations

lowered the energy of the relaxed configuration, allowing the nearest

neighbors of the neutral Cd interstitial between Cd in CdTe to relax

outward by 6%.

There was also a substantial relaxation for the neutral hexagonal Cd

interstitial in CdTe, due to the strong overlaps resulting from the

larger number of nearest neighbors, at a slightly closer distance than

for the tetrahedral interstitial. The six nearest neighbors relaxed
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outward by about 6%, while the puckered hexagon formed by the ring of

nearest neighbors increased its pucker by about 5%, measured as the

fractional increase in the separation of the plane containing the three

anions and the plane containing the three cations.



C. LIST OF ALL PUBLICATIONS AND TECHNICAL REPORTS

"Effects of Doping and Alloying on Defects and Complex Formation in

Hg1 -x CdxTe", C. G. Morgan-Pond and R. Raghavan, Materials Science Forum

10-12, 79 (1986).

"Effects of Indium Doping and Addition of Zinc on Crystal Quality in

Hg 1 x c d x Te", C. G. Morgan-Pond, Proceedings of the ARO Infrared Materials

Review, Raleigh, NC, February 11-12, 1986.

"Deep Interstitial Levels in Hgl-xCdTe". S. oettig and C. G.

Morgan-Pond, Extended Abstracts of the 1987 MCT Workshop, New Orleans,

LA, October 6-8, 1987, O/DI-27.

"Interstitial Total Energies and Diffusion Barriers in HglCd Te", C. G.

Morgan-Pond, S. Gnettig, and J. T. Schick, Extended Abstracts of the 1Q88

MCT Workshop, Orlando, FL, October 11-13, 1988, IV-31.

"Deep Interstitial Levels in Hgl_ xCdxTe", S. Goettig and C. G.

Morgan-Pond, J. Vac. Sci. Technol. A6, 2670 (1988)

"Localized States in Tetrahedrally Bonded Semiconductors", S. Goetig and

C. G. Morgan-Pond, Materials Science Forum 38-41, 317 (1989)

"Interstitial Total Energies and Diffusion Barriers in Hgl Cd Te" C. G.

KMorgan-Pond, J. T. Schick, and S. Goettig, I. Vac. Sci. Technol. A 7, 354

(1989).



"Formation Mechanisms of Interstitial Defect States". S. Goettig and C.

G. Morgan-Pond, Proceedings of the XVIII International School on the

Physics of Semiconducting Compounds, Jaszowiec, Poland, April 24-28.

1989.

"Structural Energies of Defects in CdTe and HgCdTe", J. T. Schick and C.

G. Morgan-Pond. Semiconductor Science and Technology, in press.

"Point Defects with Lattice Distortion in CdTe and HgCdTe", J. T. Schick

and C. G. Morgan-Pond, Extended Abstracts of the 1989 MCT Workshop, San

Diego, CA, October 3-5, 1989, in press.

"Localized Interstitial States in Tetrahedrallv Bonded Semiconductors -

The Local Matrix Approach", S. Goettig and C. G. Morgan-Pond, in

preparation.

D. LIST OF ALL PARTICIPATING SCIENTIFIC PERSONNEL

AND ADVANCED DEGREES EARNED WHILE EMPLOYED ON THE PROJECT

Professor C. G. Morgan-Pond, Principal Investigator

Dr. S. Goettig, Research Associate

Dr. J. T. Schick, Research Associate



• 1 5

BIBLIOGRAPHY

C. G. Morgan-Pond and R. Raghavan, Phys. Rev. B31, 6616 (19851.

2 S. Goettig and C. G. Morgan-Pond, J. Vac. Sci. Technol. A6, 2670 (1988).

3 S. Goettig and C. G. Morgan-Pond, Materials Science Forum 3q-41, 317

(1989).

4 C. G. Morgan-Pond, J. T. Schick, and S. Goettig, J. Vac. Sci. Technol.

A7, 354 (1989).

5 S. Goettig and C. G. Morgan-Pond, Proceedings of the XVIII

International School on the Physics of Semiconductinz 'oirpounds,

Jaszowiec, Poland, April 24-28, 1989, in press.

6 J. T. Schick and C. G. Morgan-Pond, Semiconductor Science and

Technology, in press.

7 J. T. Schick and C. G. Morgan-Pond, Extended Abstracts of the 1989 MCT

Workshop, San Diego, CA, October 3-5, 1989, in press.

8 R. N. Bicknell, N. C. Giles, and J. F. Schetzina, Appl. Phvs. Lett. 4.,

1095 (1986).

9 C. G. Morgan-Pond, Proceedinzs of the ARO Infrared Materials Review,

Raleigh, NC, February 11-12, 1986.

10 C. G. Morgan-Pond and R. Raghavan, Materials Science Forum ln--12, 9

(1986).

11 S. S. Chern, H. R. Vydyanath, and F. A. Kroger, J. Sol. State Chem.

14, 33 (1975).

12 C. G. Morgan-Pond, unpublished.

13 H. R. Vydyanath, J. Electrochem. Soc. 128 , 2619 (1981).

14 S. L. Bell and S. Sen, J. Vac. Sci. Technol. A3, 112 (1985).

15 W. D. Laidig, N. Iolonvak, M. D. Camras, K. Hess, J. J. Coleman. P. D.

Dapkus, and J. Bardeen. Appl. Phys. Lett. 38, 776 (1981).



*1• 16

16 J. A. Van Vechten, J. Appl. Phvs. 53, '082 (1982).

17 See, e. g. , M. Lannoo and J. Bourgoin. in Point Dc. fect s

Semiconductors, ed. by M. Cardona, Vol. 1, 68 (Springer. '81).

18 M. Lannoo and M. Schluter, Phvs. Rev. B 31, 5468 (1985).

19 S. Goettig and C. G. Morgan-Pond, in preparation.

20S. T. Pantelides, in Defects in Semiconductors, ed. by J. Giber et al.

75 (Springer, 1983).

H. R. Vvdvanath, private communication.

22 G. D. Watkins, Radiation Damage in Semiconductors, '17 (Dunrod.1967.

23 M.-F. Sung Tang and D. A. Stevenson, .J. Vac. Sci. Ttchnol. A ,

(1989), and additional references listed there.

24 M. -F. Sung Tang and D. A. Stevenson. Appl. Phvs. Lett.

(1987).

25 A. Majewski and P. Vogl, Phys. Rev. B 35, 9666 (1987).

26 D. J. Chadi, Phys. Rev. B 29, 785 (1984), and references cited here.

2 7 B' 0D. Tomanek and M. Schluter, Phvs. Rev. B 36 1208 '987). and

references cited here.

28 Y. Bar-Yam and J. D. Joannopoulos, Phvs. Rev. B 31, 844 (!8, .

29 G. A. Baraff and M. Schluter, Phvs. Rev. B 30, 3460 1984v.


